Background: This study estimates the prevalence and incidence rates of primary open -angle glaucoma (POAG) as well as risk factors based on a dataset from the largest German health insurance company. Methods: A random sample of 250,000 persons at age 50+ of the Allgemeine Ortskrankenkasse (AOK) from 2010 to 2013 was used. Selected risk factors of POAG incidence were analyzed using multivariate Cox proportional hazard models. Results: The age-standardized prevalence of POAG at age 50+ in 2010 was 2.79% (95%-CI: 2.72-2.85%). The agestandardized total incidence rate was 0.38 (0.36-0.39) per 100 person-years. Sex differences were significant for total prevalence and total incidence rates, with higher prevalence and incidence rates for women compared to men. The Cox model revealed a strong age effect, a significantly 19% higher incidence for women (p ≤ 0.001), injuries of the eye and orbit (175%, p ≤ 0.001), degeneration of iris and ciliary body (155%, p = 0.022), myopia (155%, p ≤ 0.001), retinal vascular occlusions (134%, p ≤ 0.001), hypertension (13%, p ≤ 0.001) and diabetes mellitus (23%, p ≤ 0.001). Conclusion: Health claims data are an important data source for estimating POAG occurrence and help overcome the problems of small sample sizes. These results may help to understand the causal pathways of POAG and to develop intervention strategies to increase the awareness of patients and physicians with the aim of reducing POAG incidence.
Background
Vision impairment is a major public health issue and population ageing will lead to an increasing burden over the next decades. Glaucoma, one of the leading causes of blindness, is a chronic optic neuropathy with irreversible but preventable visual field loss and progressive optic nerve damage [1] . It is generally asymptomatic until late in the disease, at which point permanent visual problems arise [2] . Therefore early detection and appropriate treatment is essential [3] , which can be facilitated by better knowledge of the prevalence and incidence of glaucoma, and the risk factors associated with primary open-angle glaucoma (POAG), which is the most common type of glaucoma [1] . Hence, the aim of this study was twofold. First, we wanted to provide new epidemiologic information about POAG based on a large data set from a public health insurer and compared this with published data. Second, we wanted to explore selected disease-related risk factors of POAG incidence in an individual-level longitudinal design, as only limited information has been available thus far.
To put our results in the context of earlier studies, a systematic review with the keywords "glaucoma", "prevalence", and "incidence" based on Medline, distinguishing between total prevalence and age-specific prevalence and incidence, was performed.
In 2010, an estimated 44.7 million people worldwide suffered from primary open-angle glaucoma (POAG), and 4.5 million were blind, making POAG the most common type of glaucoma [4] . Recently, Kapetanakis et al. updated these numbers [5] . In 2015, 57.5 million people worldwide were affected by POAG and 7.8 million persons in Europe. Thus, the estimated total prevalence for Europe was 2% and the global prevalence was 2.2%. Cedrone et al. estimated a POAG prevalence of 2.51% for residents of Ponza, Italy [6] . In a meta-analysis by Tham et al. the total global prevalence of POAG was 3.54% for ages 40-80 [7] . For the European population, the total prevalence was 2.51% with a 36% higher prevalence in males than in females [7] .
In total, 11 studies of age-and sex-specific estimates of the prevalence of POAG in European and European-derived populations were identified (Table 1 ) [5, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Although the study populations were assumed to be homogenous between the studies, the variation of the estimated prevalence was comparatively high. Among these studies, the total prevalence varied between 0.8% [12] and 2.40% [9] . Friedman et al. stated a prevalence of 8.5% [14] , but the population was restricted to persons aged 73+. All studies found a steep increase of the prevalence with age.
However, two studies [8, 17] showed a decrease in the prevalence at the oldest age groups (80+ and 90+). The variation and differences between the number of rates may be explained by analyzing different data sources (e.g. administrative data or epidemiological surveys) but also by using different definitions of POAG [12] .
While the number of studies that investigated the prevalence of POAG was limited, the number of studies on the incidence of POAG was even more restricted; there were only two ( Table 2) . By using data from the visual impairment project in Melbourne, Australia, Mukesh et al. estimated incidence rates by age groups, sex, and by varying level of validity of the POAG diagnosis [18] . They reported an average annual incidence of 0.10 per 100 person-years in total, 0.14 in males, and 0.06 in females at ages 40 and above [18] . The study of Cedrone et al. reported an increase of incidence rates from 0.07 at age 40-49 to 0.56 at age 70+. The total annual incidence was 0.32 [19] . The 5-year risk of definite POAG rate in the Rotterdam study was 0.6 (0.12 per year), with increasing rates of 1 for people aged 60 years to 3 for those aged 80 years (not shown) [20] .
In the following, a summary of published risk factors is shown. A series of disease-related risk factors was identified in the literature (based on systematic literature reviews [1, 21] ). Myopia [22] [23] [24] [25] [26] [27] [28] [29] is found to increase the risk of glaucoma diseases, as well as hypertension, vasospasm, hypotension, and retinal vascular occlusion [30] [31] [32] [33] [34] . Increased risk of glaucoma was also reported for migraine [35, 36] , injuries of the eye, and the orbit and degeneration of the iris and the ciliary body [37, 38] , sleep apnea [39] , and diabetes mellitus [34, 40, 41] . Contradictory and inconsistent results are found for smoking [42] [43] [44] [45] [46] . Sex does not appear to be a risk factor of POAG incidence based on the findings of Mukesh et al. and Cedrone et al. [18, 47] 
Methods

Data
A proportionate age stratified random sample of 250,000 persons of all persons insured with the Allgemeine Ortskrankenkasse (AOK), the largest German public health insurer, was drawn. In 2018, about 32% of the German population was insured with the AOK. This proportion is stable at all ages, but increases to 47% in females at age 85 + [48] .
All insured persons living in private households and nursing homes who were born in or before 1960 were tracked from 2010 through the end of 2013. The quarterly data cover general demographic information about sex and age, inpatient and outpatient ICD-10 diagnoses, medical treatments, and medication. Early withdrawal from the study was only possible due to a change in the insurer or to death. All diagnoses of treated diseases were recorded and reported by the physicians in hospitals and medical practices. The reported diagnoses were used as the calculation bases for the financial transfers from the health insurance to the physicians and hospitals.
POAG was defined using the ICD-10 classification H-40.1 stemming from outpatient (medical practices) and inpatient (discharge from hospital) diagnoses.
Analysis samples and validation strategy
Two analysis samples were constructed. For the estimation of age-specific prevalence sample 1 covered all 250,000 persons over the course of the four quarters of the year 2010. For the analysis of incidence sample 2 comprised all persons who did not have a valid POAG diagnosis in 2010 and were present at the beginning of 2011 (Fig. 1) . Whether a POAG diagnosis was valid or not was decided by an internal validation strategy based on Schulz & Doblhammer [49] with the aim of increasing the sensitivity and decreasing the number of false-positive diagnoses of POAG. The strategy comprised two steps: In the first step diagnoses classified as "under suspicion" were not considered to be valid diagnoses. These are predominantly persons diagnosed with ocular hypertension but not with POAG. In the second step a validated diagnosis required at least two POAG diagnoses: one POAG diagnosis in one quarter and a minimum of one additional diagnosis by an ophthalmologist in any of the subsequent quarters of the observation period. If a patient died prior to the second diagnosis, he/she was not considered to be a prevalent or incident case. Non-ophthalmological diagnoses of POAG were not considered to be a valid diagnosis if there was no diagnosis made by an ophthalmologist in the same quarter. The size of sample 2 was 234,319 persons.
Sensitivity analyses
In a first sensitivity analysis the effect of the validation strategy on the results was analyzed by modifying step 2 of the validation strategy insofar as only one diagnosis made by an ophthalmologist was required. This resulted sample 2 being reduced by 905 persons (n = 233,414) because more cases were identified as prevalent and thus excluded.
A second sensitivity analysis was conducted to explore whether the effects of the risk factors differed when persons ever diagnosed with diabetes were excluded. Thus, sample 2 was reduced by 67,426 persons (n = 166,893 persons). In a third sensitivity analysis we investigated the role of misclassification of the type of glaucoma by excluding all patients ever (prior or later) diagnosed with another type of glaucoma (angle-closure glaucoma, secondary glaucoma) than POAG. Sample 2 was reduced to 231,764 persons (minus 2555 persons).
Control variables
In a multivariable analysis, we investigated potential predictors of POAG incidence. In addition to age and sex, we selected the following diseases: injuries of an eye and orbit (ICD-10-code S05), myopia (H44.2, H52.1, H52.5), retinal vascular occlusion (H34), papilledemia (H47.1), degeneration of iris and ciliary body (H21.2), migraine (G43), sleep apnea (G47.3), vasospasm (I73.9), diabetes mellitus type 1 and type 2 (E10-E14), hypertension (I10-I15), hypotension (I95), ischemic heart disease (I20-I25), and obesity (E65-E68). Indirect indicators for smoking are diagnoses of smoking related types of cancer (C00-C06, C10-C13, C15, C16, C18, C19, C20, C21, C25, C30-C34, C53-C56, C64, C67, C92, D09.0) and of obstructive pulmonary diseases (J40-J44, J47).
Diseases were validated by the validation strategy described above but were not restricted to ophthalmologists and coded as "ever" variables with the value one from the first valid diagnosis onward and zero otherwise. To ensure that the selected health problems were predictors and not coincidences, those diseases diagnosed within the same quarter as the incidence of POAG were coded as not causal factors (zero). The selected diseases had to have been diagnosed after the first quarter of 2010 and prior to the first valid POAG diagnosis.
Methods
The period prevalence for 2010 was defined as the proportion of persons with a POAG diagnosis in at least one of the quarters of the year, divided by the number of all insured persons in the first quarter of 2010 (Equ. 1). 
Pre Q1 2010, x, a was the sex (x)-and age group (a)-specific number of POAG patients (Pre) in the first quarter of 2010, Inc. were new POAG patients (incidence cases) in the following quarters Q2, Q3, and Q4 with identical sex and within the same age group, and Pop Q1, 2010, x, a was the population in the first quarter of 2010. In the following, period prevalence is abbreviated as prevalence.
Incidence was specified as the first occurrence of a POAG diagnosis, which was considered an irreversible event which can be experienced only once in the lifetime of each person. POAG diagnosed persons in 2010 were excluded and exclusively new incident cases in 2011-2013 were analyzed (Sample 2). For all persons included, person-time under risk started with the first quarter of 2011 and ended with a POAG diagnosis in one of the following quarters or the exit of a person due to change of the insurer or death. Because the validation strategy required by definition at least two successive quarters in order to generate incident cases, the last two quarters were excluded from the calculation of the incidence. •100 ð2Þ
Prevalence and incidence rates were calculated by age at the time of diagnosis for 5-year age groups (50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80-84, 85-89, 90+) and sex. 95% binomial exact confidence intervals were computed. Direct age standardization of the prevalence and incidence rates used the sex-and age-stratified 2010 German population. Differences in the age-specific prevalence and incidence between the sexes were tested using Pearson's chi-squared tests.
A Cox proportional hazard model was used to estimate the simultaneous influence of major risk factors on the incidence of POAG in 2011-2013. All analyses were performed using Stata version 12.1.
Results
Descriptives of the analysis populations
In the first quarter of 2010, 55.8% of sample 1 was female, and the sample mean age was 65.9 years (SD: 11.8). The mean age of females was more than 3 years higher than that of males (67.5 years versus 63.9 years).
In sample 2 we observed 234,319 persons and the mean age of the population in the first quarter of 2010 was 66.2 (SD: 11.6) years, 55.6% of the sample was female, the mean age difference between the two sexes was more than 3 years (67.7 versus 64.2) ( Table 3) .
In sample 2, which was used for the analysis of POAG risk factors, the most frequent diagnoses in the first quarter of 2011 were hypertension (28.83%), diabetes mellitus (23.69%), ischemic heart disease (17.98%), obesity (15.11%), obstructive pulmonary disease (14.11%), and myopia (5.15%). Papilledema (0.03%), degeneration of the iris and the ciliary body (0.04%), injuries of eye and orbit (0.09%), and retinal vascular occlusions (0.37%) were rarely diagnosed (Table 4) .
Prevalence
A total of 8167 persons were defined as POAG patients, which resulted in an age-standardized prevalence of 3.22% [95%-CI: 3.15-3.29%] for the total population; 2.90% [95%-CI: 2.80-3.00%, 3132 persons] for males and 3.49% [95%-CI: 3.40-3.59%, 5035 persons] for females.
In case of the age-specific prevalence, the figures showed a similar pattern for both sexes (Fig 2) . The age-specific prevalence increased more than seven-fold up to age 80-84 in females and age 85-89 in males and decreased thereafter ( Table 5 ). The increase was slightly steeper for females than for males, which was also true for the decrease in prevalence at the highest ages. The POAG prevalence of females was significantly higher at 
Incidence
The age-standardized POAG incidence rate was significantly higher for woman than for males. Age-standardized incidence was 0.38 (95%-CI: 0.36-0.39, 1992 persons) persons per 100 person-years, the male incidence was 0.32 (95%-CI: 0.29-0.34; 735 persons) and the female was 0.43 (95%-CI: 0.40-0.45; 1257 persons). Considering the age-specific incidence rates, they increased continuously until age 85-89 and decreased at the highest ages (Fig 3) . The age pattern was similar for both sexes; however, the incidence was significantly higher for females than for males at the ages 60-64 (Table 6) .
Multivariable results
The multivariable Cox-regression model and hazard ratios (HR) showed a curvilinear age effect with an increase up Table 7 ).
Sensitivity analyses
We performed three sensitivity analyses: The first evaluated the consequences of the validation strategy on prevalence, incidence rate, and the effects of the risk factors. Using the alternative validation strategy, a significantly higher age-standardized prevalence was observed (3.60% [95%-CI: 3.53-3.67%, 9141 persons] for the total population, 3.22% [95%-CI: 3.12-3.33%; 3481 persons] for males and 3.92% [95%-CI: 3.82-4.02%, 5660 persons] for females), while the age-specific prevalences (Additional file 1: Table S1 ) were higher at all ages, but did not differ significantly ( Table 5 ). The age-standardized incidence rate was significantly higher (0.54 [95%-CI: 0.52-0.56; 2823 persons] for the total population; 0.47 [95%-CI: 0.44-0.50; 1078 persons] for males and 0.60 [95%-CI: 0.57-0.62; 1745 persons] for females). While age-specific incidence rates were higher in the sensitivity analysis, the differences between the two validation strategies were statistically not significant (Table 6 and Additional file 1: Table S2 ). Results of the multivariable models remained largely unchanged (see Additional file 1: Tables S3 and S4) .
In a second sensitivity analysis, we reduced sample 2 by patients ever diagnosed with diabetes in the observation period, which led to nearly identical results (Additional file 1: Table S5 ).
In a third sensitivity analysis, we reduced sample 2 by patients prior or later diagnosed with angle-closure or secondary glaucoma in the observation period, and results remained largely unchanged (Additional file 1: Table S6 ).
Discussion
In this study, age-standardized and age-specific prevalence and incidence rates of POAG were investigated for the population aged 50 and above. Our prevalence estimates (both sexes combined: 3.22%) were at the upper level compared to prevalences from previously published studies, but within the reported range (0.97% [17] and 3.54% [7] ). This study's incidence rate of about 0.38 per 100 person-years was higher than the range of 0.10 and 0.32 reported by Mukesh et al. and Cedrone et al. [18, 19] The age-standardized prevalence and incidence were higher for females than for males. This higher incidence was confirmed in the multivariable analysis, in which we controlled for age and major disease-related risk factors. Mukesh et al. did not find any sex-specific differences in POAG incidence; however, the total number of incident persons in our study was much higher than the number of incident persons in their study [18] .
Prevalence and incidence increased with age up to age 80 and declined thereafter. Comparing the sexes, both the prevalence and incidence were significantly higher for females than for males at ages less than 80, while there was no gender difference at the higher ages. The consistently higher prevalence and incidence of females may be explained by a higher risk of POAG, but also by additional factors. One explanation may be differences in health behavior, including health awareness, health seeking, health care utilization, and adherence to therapies. The higher health awareness of females may cause more health seeking behavior and health care utilization than males [50] . Thus, POAG may be detected at earlier ages in females than in males. At the highest ages, gender disparities in health care utilization may diminish due to large multi-morbidity present among both genders. Because claims data do not contain any information about socioeconomic status, it remains open whether these gender differences were the result of a selection bias, with comparatively more women than men with low socioeconomic status being insured with the AOK.
The general decline of the prevalence and the incidence at the highest ages may be the result of a series of factors, such as a decrease in health care utilization, an increase in competing health risks (e.g. other eye diseases or life-threatening diseases), and the effect of mortality selection. The effect of mortality selection is also called "cohort inversion" [51] or "unobserved heterogeneity in combination with mortality selection" [52] . It describes the phenomenon of decreasing disparities in health at the highest ages. This finding can be explained by a trend of decreasing heterogeneity in health and life style due to the deaths of persons with risky life styles and poor health, while the fitter persons with a generally lower risk of morbidities, among them POAG and its risk factors, reach the highest ages.
The longitudinal design of the study permitted the investigation of risk factors of POAG incidence. One of the many strengths of the dataset was the wide range of diagnoses from all fields of medicine. The multivariable regression model confirmed the positive associations of POAG with myopia [22] [23] [24] [25] [26] [27] [28] and diabetes [34, 40, 41] , as well as with injuries of the eye and the orbit, degenerations of iris and ciliary body, retinal vascular occlusions, and hypertension [31, 32] . With these factors, we found some unexpected associations, not yet discussed in the literature in connection with POAG. At some stage of our investigation, we expected that misdiagnosed secondary glaucoma would influence our results. Therefore, all patients diagnosed with secondary glaucoma were excluded in a second sensitivity analysis from the overall cohort (see section sensitivity analyses). Still, the same correlation was found, showing a clear association of injuries of the eye and the orbit, degenerations of iris and ciliary body, retinal vascular occlusions and hypertension as risk factors of POAG.
A 23% higher link to POAG was found for diabetes mellitus, which was consistent with some earlier studies [34, 40, 41, 53] . In Germany, a public health program for diabetes (Diabetes Disease Management Program) exists which aims to coordinate therapies and to increase cooperation of general practitioners and ophthalmologists. Due to this program and the characteristics of claims data the higher incidence in patients with diabetes may also be the result of an increased utilization of ophthalmic services which may lead to a more frequent diagnosis of POAG. However, sensitivity analysis showed that the results were nearly identical after the exclusion of patients ever diagnosed with diabetes in the observation period (Additional file 1: Table S5 ).
The positive effect for smoking-related cancers was consistent with the findings from Buys et al. [46] but was in contrast to Jain et al. [45] Because claims data do not contain information about smoking status, comparisons with the findings from the literature are limited. The protective effect of nicotine might be explained by its effect on cerebral blood flow, which is increased by nicotine and therefore possibly leads to an increased oxygen consumption of the brain. The optic nerve as a part of the central nervous system might experience the same positive effects by nicotine [43, 55] .
Our study has a series of strengths. An important strength is that POAG diagnoses were based on evaluations by ophthalmologists, which assure solid validity, as the German statutory health insurance system implements visits to ophthalmologists every 3 month when suffering from a chronic disease without any extra costs for patients. We did sensitivity analyses to investigate the role of misclassification of the type of glaucoma (open-angle glaucoma, angle-closure glaucoma, secondary glaucoma). By excluding all patients ever (prior or later) diagnosed with another type of glaucoma than POAG, the models showed very robust results (Additional file 1: Table S6 ). Thus, problems of misclassification of the type of glaucoma are assumed to be marginal. The large random sample drawn from an official process-generated data source did not suffer from self-selected dropouts due to unwillingness to participate in a study as is often the case in survey-based studies. The large sample size promotes the representativeness of the results, especially in studies about morbidities with a low prevalence. However, Hoffmann and Koller showed that the AOK members had a lower socioeconomic status than persons insured with other public insurance agencies [54] . This may explain the higher prevalence and incidence of our study. An additional advantage was that populations in private households and nursing homes were covered, while the latter are usually absent from survey-based studies. The choice of the comorbidities may be discussed, as some of the diseases may be simply coincident morbidities than causes of glaucoma. This problem was reduced by considering the chronology of the diagnoses of POAG and the particular comorbidities.
However, there were also some limitations to our work. When comparing claims data from different countries, there is no common standardized definition with defined inclusion criteria of a POAG diagnosis. Using different criteria and definitions leads to different prevalence estimates and POAG numbers [5] , yet this limitation is an overall problem common to this field, as the criteria for glaucoma diagnoses are also not standardized [12] . While some studies used indirect methods, such as the combination of symptoms of glaucoma diseases or self-reported visual impairments, or included intraocular pressure [5] , our study used ICD diagnoses issued by ophthalmologists. We assumed a high validity of the diagnosis; however, claims data aim to document medical treatments and their costs rather than disease processes. We were not able to identify false-negative diagnoses which may result in an underestimation of POAG occurrence. False-positive diagnoses, however, were reduced by the internal validation strategy. Results changed only marginally when an alternative validation strategy was applied, indicating a marginal influence of false-positive POAG diagnoses. Furthermore, the methodological definition of prevalence affected the comparability. In this study, period prevalence was used, whereas in most other studies, it is not clearly stated whether period or point prevalence was used. Another limitation is the fact that only diseases which were documented and reported by using ICD codes were covered in the analysis. Risk factors like physical activity, diet, alcohol and tobacco consumption were not available. Smoking as a risk factor was measured indirectly by severe diseases related to smoking, but covered predominately heavy (former and current) smokers.
Conclusions
Our study has two major results: First, we presented estimates for the prevalence and incidence of POAG in Germany, based on a large data set and compared these with earlier studies.
Second, longitudinal data with large numbers of incident cases were used to investigate sex disparities, age structure, and risk factors of POAG. We were able to show a significantly higher incidence rate and prevalence for females compared to males, an increasing POAG incidence and prevalence with increasing age, and influential risk factors such as injuries of the eye and orbit, degenerations of iris and ciliary body, myopia, retinal vascular occlusions, and diabetes.
It is of immense importance for quality of life of the individual patient to understand and reduce the burden of this disease. Our findings identified risk factors of POAG which may have severe consequences on its onset and course. Therefore, our results may serve as a base to develop intervention measures, which may increase the awareness of patients and physicians and thus reduce the incidence of POAG in the future.
Endnotes
1 In the validation strategy the last two quarters of 2013 were excluded for not underestimating incidence rates, as the number of valid incidence cases was too low.
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